Abstract: $GXOW ÀLHV RI WKH JHQXV Stomoxys *HR൵UR\ (Diptera: Muscidae), especially S. pullus Austen, 1909, S. uruma Shinonaga et Kano, 1966 and S. indicus 
Flies of the genus Stomoxys *HR൵UR\ 'LSWHUD 0XVFLGDH DUH KDHPDWRSKDJRXV ÀLHV RI FRQVLGHUDEOH PHG-LFDO DQG YHWHULQDU\ LPSRUWDQFH 7KH\ DUH FODVVL¿HG LQWR WKH subfamily Muscinae, tribes Stomoxyini, with 18 species having been described (Zumpt 1973) . In Thailand, 6 species of Stomoxys, namely Stomoxys calcitrans (Linnaeus, 1758) , S. sitiens Rondani, 1873 , S. bengalensis Picard, 1908 , S. indicus Picard, 1908 , S. pullus Austen, 1909 and S. uruma Shinonaga et Kano, 1966 , have been recorded IURP GL൵HUHQW JHRJUDSKLFDO DUHDV 7XPUDVYLQ DQG 6KL-nonaga 1978, Masmeatathip et al. 2006 , Muenworn et al. 2010 Changbunjong et al. 2012) .
7KH DGXOW ÀLHV IHHG RQ WKH EORRG RI KXPDQV DQG DQLPDOV making them a nuisance to humans, a major irritant pest of both livestock and wildlife, and they also act as vectors and potential vectors of many pathogens (Zumpt 1973 , Baldacchino et al. 2013 . They have been implicated as mechanical vectors of viruses (Equine infectious anemia virus, African swine fever virus, West Nile fever virus and Bovine leukosis virus), bacteria (Bacillus anthracis and Anaplasma marginale) and protozoa (species of Trypanosoma Gruby, 1843 and Besnoitia Henry, 1913) . Moreover, they also act as biological vectors of the helminth Habronema microstoma Schneider, 1866 (see Baldacchino et al. 2013) .
6SHFLHV
LGHQWL¿FDWLRQ RI DGXOW Stomoxys is based mainly on body colour and pattern, leg colour, frons width proportions, curvature and setation of certain wing veins, occurrence or form of various bristles and hairs on parts of the legs, and also genital structure (Crosskey 1993) . Mor-SKRORJLFDO VSHFLHV LGHQWL¿FDWLRQ LV D JROG VWDQGDUG IRU DQ\ WD[RQRPLF V\VWHP EXW LW PLJKW EHFRPH GL൶FXOW RU XQVDWisfactory for distinction of cryptic species. Correct identi-¿FDWLRQ QRW RQO\ SHUPLWV FULWLFDO DFFHVV WR WKH EURDG ERG\ of literature available on a particular taxon but also permits the implementation of adequate control measures to contend with species of medical and veterinary importance.
Some Stomoxys species such as S. pullus, S. uruma and S. indicus have morphological similarity, especially the body colour and abdominal pattern (Zumpt 1973) , and the body size, as well as the frontal index (the ratio of the smallest width of the frons and the greatest length of the eye), cannot clearly separate them (Changbunjong et al.
$V DQ DGGLWLRQDO GL൶FXOW\ WKHVH VSHFLHV FDQ DOVR EH found in the same areas (Changbunjong et al. 2012) .
According to Tumrasvin and Shinonaga (1978) , S. pullus can be distinguished from S. uruma and S. indicus by the length of maxillary palpi exceeding the fore margin of WKH PRXWK DQG WKH GL൵HUHQW FRORXU DW WKH EDVDO SDUW RI WKH third antennal segment. Stomoxys indicus can be distinguished from S. uruma by the yellowish colour of tibiae and tarsi (Figs. 1, 2 ). These morphological traits may be used as the primary method for screening specimens in the ¿HOG RU IRU LGHQWLI\LQJ XQFRPSOLFDWHG VSHFLPHQV +RZHY-HU WKH PRUSKRORJLFDOEDVHG LGHQWL¿FDWLRQ RI WKHVH ÀLHV LV often impeded by polymorphism, overlapping morphological characteristics and damage caused to specimens during collection.
0ROHFXODUEDVHG
LGHQWL¿FDWLRQ FDQ UHVROYH YDULRXV SUREOHPV HQFRXQWHUHG GXULQJ PRUSKRORJ\EDVHG LGHQWL¿-cation, especially of morphologically close species (Hebert 2003a,b) , but its use is expensive and requires specialised training (Müller et al. 2013 ). Geometric morphometrics is increasingly applied to medically and economically important insects to distinguish morphologically similar species, HVSHFLDOO\ FU\SWLF WD[D DQG WR GHWHFW LQWUDVSHFL¿F YDULDWLRQ (Dujardin 2008 , Ruangsittichai et al. 2011 , Lorenz et al. 2012 , Dujardin and Kitthawee 2013 , Morales Vargas et al. 2013 , Demari-Silva et al. 2014 , Jaramillo-O et al. 2015 , (Dujardin et al. 2014) . The combined use of landmarks and outlines could represent a better method for discrimination between species (Francoy et al. 2012) . Although geometric morphometrics does not reach the lev-HO RI PROHFXODU DFFXUDF\ WKH SUHVHQW ¿QGLQJV VKRZ WKDW it can be highly and quickly informative at low cost. In the present study, we used landmark and outline-based geometric morphometrics to identify vector species of the genus Stomoxys focusing on three closely related species in Thailand.
MATERIALS AND METHODS

Specimen collection
Flies were collected between July 2014 and August 2015 in two localities in western and northeastern Thailand: S. pullus and S. uruma from Nakhon Ratchasima Province (14°24'55''N; 101°22'33''E) and S. indicus from Kanchanaburi Province (14°25'54''N; 98°48'35''E) using Vavoua traps (Laveissière and Grebaut 1990). The traps were placed at the collection sites from 6:00 AM to 6:00 PM over a two-day-period (Changbunjong et al.
6SHFLHV ZHUH LGHQWL¿HG ZLWK D VWHUHRPLFURVFRSH EDVHG RQ the taxonomic key of Zumpt (1973) and Tumrasvin and Shinonaga (1978) .
Sample preparation and data collection
The left wings of males and females belonging to S. pullus, S. uruma and S. indicus were dissected from the body and mounted by Hoyer's medium on microscopic slides. The wings were placed at the center of the visual view to avoid peripheral optical distortion. All slides were photographed using a digital camera connected to a stereomicroscope (Nikon AZ 100, Nikon Corp, 7RN\R -DSDQ DW î PDJQL¿FDWLRQ $ WRWDO RI DQG ZLQJ pictures of the three species of Stomoxys ÀLHV ZHUH SHUIRUPHG IRU landmark and outline-based methods, respectively. The simple external contour of the wings was used for outlines, but in eight wings the contours were damaged and so were not satisfactory for outline analysis. Otherwise, the same set of wing pictures was used to compare both methods (Table 1) .
Geometric morphometrics analysis
Landmark-based method
The coordinates of ten wing landmarks (Table 2 and Fig. 3 ) were selected and digitised for geometric morphometrics analysis. The wing size was estimated using the isometric estimator of 
Outline-based method
The outline considered for species comparisons was the external contour of the wing (Fig. 4) . The wing size may be estimated DV WKH RXWOLQH SHULPHWHU RU E\ WKH VTXDUH URRW RI WKH ¿UVW KDUPRQic ellipse area, It was compared among species and sexes using non-parametric analyses in the same way as for CS.
Elliptic Fourier Analysis (EFA) (Kuhl and Giardina 1982) was performed to produce the wing shape variables. It provid-HG FRQ¿JXUDWLRQV IRU YLVXDO FRPSDULVRQV RI WKH RXWOLQHV EHWZHHQ species and sexes. The wing shape variables were computed as 1RUPDOLVHG (OOLSWLF )RXULHU FRH൶FLHQWV 7R GHDO ZLWK SRVVLEOH problems of multidimensionality, a reduced set of their principal components was used as input for the discriminant analyses (for methodological details, see Dujardin et al. 2014) . Statistical comparisons of wing shape among the species and sexes were the same as those used for the landmark-based method.
9DOLGDWH FODVVL¿FDWLRQ
7R WHVW WKH DFFXUDF\ RI VSHFLHV FODVVL¿FDWLRQ \LHOGHG E\ JHometric morphometrics, the Mahalanobis distances were used to SHUIRUP D FURVVYDOLGDWHG FODVVL¿FDWLRQ RU MDFNNQLIH FODVVL¿FD- 
RESULTS
Landmark-based geometric morphometrics
The largest wing (centroid size) was found in female Stomoxys indicus (3.88 mm), whereas the smallest wing was found in male S. uruma (3.22 mm). The remaining populations had following wing size: 3.87 mm (female S. pullus), 3.85 mm (male S. pullus), 3.82 mm (male S. indicus) and 3.32 mm (female S. uruma). The size relationships among VDPSOHV LV LOOXVWUDWHG LQ )LJ DQG WKHLU VWDWLVWLFDO VLJQL¿-cance is shown in Table 3 .
The visual comparisons of the mean anatomical landmark positions between species and sexes showed most visible landmarks displacements in the upper and lower part of wing (landmarks 1, 7, 9, 10) (Fig. 6) . Based on the Mahalanobis distances comparisons, the wing shape was VLJQL¿FDQWO\ GL൵HUHQW DPRQJ VSHFLHV DQG VH[HV RI WKH WKUHH species of Stomoxys (Table 4 ). The discriminant analysis for the wing landmark-based shape showed that individuals clustered into distinct groups in males,whereas females of S. pullus and S. uruma showed some overlapping (Fig. 7) . 7KH DFFXUDF\ VFRUHV DIWHU FURVVYDOLGDWHG FODVVL¿FDWLRQ WHVW UDQJHG IURP WR VKRZLQJ EHWWHU YDOXHV LQ PDOHV (Table 5) .
Outline-based geometric morphometrics
For outline-based method, the largest wing (perimeter) was found in male S. pullus (10.95 mm), whereas the smallest wing was found in both male and female S. uruma (9.12 mm). The remaining populations had the following wing size: 10.92 mm (male S. indicus), 10.84 mm (female S. indicus) and 10.52 mm (female S. pullus). The size relationships among samples is illustrated in Fig. 8 , and their VWDWLVWLFDO VLJQL¿FDQFH LV VKRZQ LQ 7DEOH
The visual comparisons of contours between species and sexes are shown in Fig 9. 6XEWOH GL൵HUHQFHV RI FRQWRXUV were observed in the males of all three species, and female of S. pullus and S. uruma. Based on the Mahalanobis distances comparisons, the wing outline-based shape varia-EOHV ZHUH VLJQL¿FDQWO\ GL൵HUHQW DPRQJ VSHFLHV DQG VH[HV of all taxa studied (Table 7) . In both sexes, the factor map Austen, 1909 , S. uruma Shinonaga et Kano, 1966 and S. indicus Picard, 1908 .
7KH OHYHO RI VWDWLVWLF VLJQL¿FDQFH ZDV ¿UVW FRPSXWHG IURP D QRQSDUDPHWric test, then corrected after Bonferroni test (see Materials and Methods). P ± PDOH I ± IHPDOH 6 ± VLJQL¿FDQW 3 16 ± QRW VLJQL¿FDQW (P > 0.05). Austen, 1909 , S. uruma Shinonaga et Kano, 1966 and S. indicus Picard, 1908 and females (B $UHDV RXWOLQHG E\ GL൵HUHQW FRORXUV UHSUHVHQW VKDSH QRW VL]H derived from the discriminant analysis for the wing shape showed slightly overlapping areas between S. pullus and S. uruma (Fig. 10) be distinguished by the adult external morphology (yellowish colour of tibiae and tarsi) (Tumrasvin and Shinonaga 1978) . Additionally, the phylogenetic relationship based on cytochrome c oxidase subunit I (COI) showed that S. pullus and S. uruma have a closer genetic relationship than either has with S. indicus (T.C. -unpubl. data). They ZHUH RFFDVLRQDOO\ PLVLGHQWL¿HG HVSHFLDOO\ LQ WKH IHPDOHV DV REVHUYHG DIWHU FURVVYDOLGDWHG UHFODVVL¿FDWLRQ 0DOHV of S. pullus and S. uruma were, however, quite clearly distinguished, especially by landmark analyses. The re-FODVVL¿FDWLRQ VFRUHV EDVHG RQ ODQGPDUN DQDO\VHV WR DQG RXWOLQH DQDO\VHV WR ZHUH TXLWH VLPilar. These results corresponded to those of the previous study of Dujardin et al. (2014) . These authors showed that an outline-based approach could produce similar or even better discrimination scores than landmarks for various ar-WKURSRGV LQFOXGLQJ NLVVLQJ EXJV WVHWVH ÀLHV PRVTXLWR DQG soft ticks (Dujardin et al. 2014 ).
Fig. 9. &RQ¿JXUDWLRQV RI WKH RXWOLQHV DIWHU (OOLSWLF )RXULHU $QDO\VLV RI Stomoxys pullus
In conclusion, the landmark and outline-based geometric morphometrics of the wings proved to be a very useful tool to help in the morphological distinction of the vectors S. pullus, S. uruma and S. indicus. They have the potential to improve the vector surveillance, hence the planning of À\ FRQWURO SURJUDPV
